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The effects of the infection of potato (Solanum tuberosum) plants by the nonpersistent Potato virus Y (PVY) were studied on the host plant colonization behavior of different colonizing (Myzus persicae) and noncolonizing (Aphis fabae, Brevicoryne brassicae, and Sitobion avenae) aphid species. The underlying questions of this study were to know how aphids respond when faced with PVY-infected plants and whether plant infection can modify the aphid behavior involved in PVY spread. Short-range orientation behavior was observed using a dual-choice set-up and aphid feeding behavior was monitored using the electrical penetration graph technique. None of the aphid species discriminated between healthy and PVY-infected plants. Nevertheless, most individuals of M. persicae landed on and probed only in one plant whereas noncolonizing aphid species exhibited interplant movements. Study of the aphid feeding behavior showed that PVY infection essentially modified phloem and xylem ingestion. M. persicae and S. avenae exhibited an increased duration of phloem phases on PVY-infected plants whereas A. fabae showed a decreased duration of phloem phases that benefited from an increased duration of xylem ingestion phases. None of these parameters were changed in B. brassicae. These data present evidence that aphids can respond to plants infected by nonpersistent viruses. Such behavioral modifications are discussed within the context of PVY spread in potato crops.
Plant colonization by alate aphids is achieved through a sequence of behaviors, which involves perception of several stimuli (36, 44) . Host habitat location and host location are mainly governed by visual (10, 26) and chemical cues (36, 39) . After landing on a plant, the aphid assesses the physical and chemical properties of the leaf and odor blends. Then, gustative cues are perceived through brief intracellular stylet insertions into epidermal and mesophyll cells to evaluate host plant quality (42) . Finally, after phloem assessment through gustative cues, host acceptance occurs, which leads to sustained phloem sap ingestion (6, 29, 36, 44) . Throughout this sequence, the plant may either be recognized as a host or induce aphid flight if the plant is rejected (42) .
Virus infection may affect the behavior and the biology of its aphid vectors. Some species preferentially colonize virus-infected plants while others avoid them (13) . The yellowing of virusinfected leaves was shown to preferentially attract aphids, acting as visual cues (12, 20, 21) . Virus infection can also modify the headspace volatiles emitted by the plants. Potato (Solanum tuberosum L.) plants infected by the persistent Potato leafroll virus (PLRV) (Luteoviridae: Polerovirus) emitted a higher quantity of volatile organic compounds (VOCs) than healthy ones, thus increasing Myzus persicae settling on infected plants (8, 11, 49) . Such preference in response to variations in the emitted VOCs was also reported in wheat infected by the persistent Barley yellow dwarf luteovirus (BYDV) (Luteoviridae: Luteovirus) with regards to Rhopalosiphum padi (24, 32) . Other results reported that Potato virus Y (PVY) (Potyviridae: Potyvirus)-infected potato did not disturb M. persicae settling behavior (8) . Intracellular probes into superficial tissues and phloem sap ingestion can also be enhanced in M. persicae on PLRV-infected potato plants (1) and in Sitobion avenae on BYDV-infected wheat (15) . Finally, both PLRV and PVY infections were reported to improve M. persicae fitness (7, 49) . Similarly, R. padi fitness was also improved on BYDV-infected wheat (23) . However, Bean yellow mosaic virus (BYMV) (Potyviridae: Potyvirus)-infected beans were reported to negatively affect settling and the performance of Acyrthosiphon pisum (45) .
When transmitted in a nonpersistent manner, PVY is one of the most economically important viruses affecting potato crops all around the world (46) . The efficiency of its transmission relies on the early steps of host plant colonization and, more particularly, on the very brief (5 to 10 s) intracellular punctures (22) in epidermal and mesophyll cells that provide the aphid information for plant quality assessment (40) . These intracellular punctures consist of the injection of saliva within the cytosol and, subsequently, the ingestion of a saliva/cytoplasm mixture, which occurs a few seconds later. They are responsible for the acquisition (during cell sampling) and the inoculation (during salivation) of stylet-borne viruses (13, 30, 41) . Thus, any aphid that alights on and probes the plant may be a potential vector of PVY. The green peach aphid, M. persicae, is reported as the most efficient vector of PVY in potato fields. Even when very low densities of potato-colonizing aphids are trapped, potato crops still show high virus infection rates (3). In addition, high numbers of noncolonizing aphids are also trapped in the fields, some of which are reported as PVY vectors (9, 18, 19, 46, 54, 55) . They are mostly represented by the cereal aphid, S. avenae, the pea aphid, A. pisum, the black bean aphid, Aphis fabae, and the cabbage aphid, Brevicoryne brassicae. Thus, it has been assumed that, in the absence of potato-colonizing aphid species, PVY spread is caused by these noncolonizing aphid species.
Because the spread of nonpersistent PVY mainly relies on the behavior of alate aphids, one could hypothesize that evolutionary constraints led such a pathogen to fine-tune plant physiology so as to improve the vectoring efficiency of these aphids. The previous works cited above attempted to deal with such a hypothesis by comparing the impact of different viruses on one aphid species. They brought divergent results, highlighting the complexity and specificity of the virus-plant relationship. In the present study, we investigated the effects of PVY infection on potato plants on the short-range orientation and feeding behavior of the alate morphs of different colonizing and noncolonizing potato aphids. We hypothesized that plants infected by a nonpersistent virus, as reported for plants infected by persistent viruses, could modulate the early steps of aphid host plant colonization behavior and, consequently, the aphid vector activity.
Materials and Methods
Insects. All the colonies of each species, which were M. persicae, A. fabae, S. avenae, and B. brassice, were initiated from a single apterous parthenogenetic female. Each colony was separately reared in an enclosed ventilated Plexiglas cage (360 by 240 by 110 mm) in a growth chamber at 20 ± 1°C, 60 ± 5% relative humidity (RH), and a photoperiod with 16 h of light and 8 h of darkness to induce parthenogenesis. In 1999, M. persicae was collected in a potato field near Loos-en-Gohelle (France). In 2008, A. fabae was collected in an eggplant greenhouse (Amiens, France) whereas S. avenae and B. brassicae were kindly provided by D. Tagu (UMR-INRA-BIO3P, Le Rheu, France) and M. Uzest (UMR-BGPI, Montpellier, France), respectively.
M. persicae was reared on potato (Solanum tuberosum 'Désirée'), S. avenae on wheat (Triticum aestivum 'Mendel'), A. fabae on broad bean (Vicia faba 'Maya'), and B. brassicae on broccoli (Brassica oleracea 'Marathon'). Only alate aphids synchronized in their flight phase (4) were used for experiments.
In vitro plantlets and PVY NTN isolate. The PVY-infected and healthy in vitro potato lines were created from a single potato tuber germ initially infected by the tuber necrotic strain of PVY NTN collected in a potato field in the north of France (Cambrai, France), and from a single noninfected tuber germ, respectively. In vitro healthy (H-P) and PVY-infected (PVY-P) plantlets (Solanum tuberosum L. 'Bintje') were then micropropagated by subculturing internode explants on a basal medium according to Murashige and Skoog (MS) (33) supplemented with sucrose and agar. Each plantlet was grown axenically for 15 days at 20 ± 1°C, 60 ± 5% RH, and a photoperiod with 16 h of light and 8 h of darkness in small glass vials (5 ml) placed in a sterile culture glass tube (25 by 150 mm). The small glass vials containing plantlets could then easily be removed for the experiments. The infection status of plantlets was assessed by immunocapture reverse-transcription polymerase chain reaction following the protocol described by Glais et al. (17) . The virus check was done a posteriori for each plant used. Immediately after every experiment (electrical penetration graph [EPG] or host choice test), each plant was crushed and assessed for PVY detection. If a plant was not infected by PVY as expected, relative experimental data were not included in the analysis.
Early steps of the colonization of the plantlets. The dualchoice set-up consisted of a ventilated Plexiglas chamber (180 by 120 by 75 mm) wherein one H-P and one PVY-P in separate glass vials were set in small receptacles containing water to prevent aphids from colonizing the plantlets without engaging in flight ( Fig.  1 ). Aphids were individually placed with a small paintbrush on the chamber floor between the two plantlets. At the end of the 24-h experiment, the aphids were removed from the chamber and their final choice (i.e., H-P, PVY-P, or inner wall of the chamber) was recorded. To check for the presence of salivary sheaths resulting from aphid stylet insertion in plant tissues, collected plantlets were stained with trypan blue adapted (i.e., plantlets were boiled 5 min and discolored 24 h) from Koch and Slusarenko (27) . The presence of salivary sheaths allowed for the determination of which plantlets were probed. For each aphid species, 30 replicates were done.
Feeding behavior on plantlets. The DC-EPG technique (51) was used to investigate the feeding behavior of each aphid species on H-P and PVY-P. A thin gold wire (diameter of 20 µm, 2 cm long) was stuck with conductive water-based silver glue (EPG Systems, Wageningen, The Netherlands) on the aphid's dorsum and a copper electrode was inserted into the agar-based MS solution to complete the electrical circuit. Each aphid was then connected to a Giga-4 DC amplifier and carefully placed on a plantlet. Recordings were performed during daytime for 8 h in a Faraday cage in a growth room maintained at 20 ± 2°C. At least 19 aphids were monitored for each treatment (H-P or PVY-P) and species.
Data acquisition and EPG waveform analyses were done with PROBE 3.5 software (EPG Systems). Fourteen parameters were selected to describe the feeding behavior and were calculated using the EPG-Calc 4.9 software (16). These parameters were based on five different EPG waveforms described by Tjallingii and HogenEsch (52): C, corresponding to stylet pathways in plant tissues except phloem and xylem; E1, salivation in phloem elements; E2, passive phloem sap ingestion; G, active xylem sap ingestion; F, derailed stylet mechanics; and pd, intracellular stylet punctures. The pd phase was divided into three subphases linked with nonpersistent virus transmission (43): II-1, intracellular salivation (virus inoculation); II-2, transition; and II-3, intracellular ingestion of saliva/cytosol mixture (virus acquisition). Parameters related to general probing (C, E1, E2, F, and G; Table 1 ) were analyzed for the whole 8-h recording. Parameters related to intracellular probing (pd) ( Table 1) were analyzed only during the first hour after the first probe.
Data analysis. Statistical analyses were performed using Statistica 8.0 software (StatSoft, Tulsa, OK). A Kruskal-Wallis one-way analysis of variance (H) was performed to assess the effect of the aphid species on the distribution of salivary sheaths (i) in at least one plantlet and (ii) in both plantlets. When the Kruskal-Wallis test was significant, a Mann-Whitney U test allowed for the determination of significant differences between species. For each aphid species, a χ 2 test was done to compare the aphid distribution between H-P and PVY-P either throughout the experiment (deduced from the observation of aphid salivary sheaths) or at the end of the experiment (final choice). Because EPG data were not normally distributed, a pairwise comparison was done between the two treatments (H-P versus PVY-P) for each species with a Mann-Whitney U test. A difference was considered significant when P < 0.05.
Results
Early steps of the colonization of the plantlets. Distribution of aphids at the end of the 24-h dual-choice bioassay showed that three aphid species exhibited no preference in their final choice between H-P or PVY-P (M. persicae: χ 2 = 0.03, df = 1, P < 0.85; S. avenae: χ 2 = 0.18; df = 1, P = 0.67; A. fabae: χ 2 = 0.0, df = 1, P = 1) (Fig. 2A) . B. brassicae indicated no final choice because it was always found on the inner wall of the chamber. Aphid salivary sheaths, resulting from stylets insertion in plant tissues, were equally distributed on H-P and PVY-P (Fig. 2B) . Interestingly, although B. brassicae was never recorded on plantlets at the end of the experiment, more than 60% performed probes either on H-P or PVY-P (Fig. 3) .
The percentage of salivary sheaths observed in at least one plantlet highly varied according to the aphid species tested (H = 20.03, P < 0.01; Fig. 3 ). All M. persicae (100%) probed in at least one plantlet. This percentage was similar in S. avenae (97%; U = 435, P = 0.317). The percentage of salivary sheaths from A. fabae (77%) and B. brassicae (63%) in at least one plantlet was significantly lower than that from S. avenae (U = 360, P < 0.05 and U = 300, P < 0.01, respectively) and M. persicae (U = 345, P < 0.01 and U = 285, P < 0.01, respectively).
There was also a significant difference between species in the distribution of salivary sheaths in both plantlets (H = 12.16, P < 0.01; Fig. 3 ). Only 3.3% of M. persicae individuals probed in both plantlets whereas this proportion was significantly higher in A. fabae (33%, U = 315, P < 0.01), S. avenae (40%, U = 285, P < 0.01), and B. brassicae (23%, U = 360, P < 0.05).
Feeding behavior on plantlets. Among the 13 EPG parameters which allowed comparing aphid-feeding behavior on H-P and PVY-P, 2 to 6 parameters were significantly modified depending on the species (Table 1) .
In M. persicae general probing behavior, only parameters related to the activity within phloem vessels were modified. An increased number and total duration of phloem phases were observed on PVY-P (U = 106, P < 0.01 and U = 130, P < 0.05, respectively). Mean duration of potential drop and subphases II-2 and II-3 were also increased on PVY-P (U = 96, P < 0.01; U = 123, P < 0.05; and U = 116, P < 0.05, respectively).
Similar modifications were observed in S. avenae general probing behavior. They exhibited an enhanced number and total duration of phloem phases on PVY-P (U = 130, P < 0.01 and U = 130, P < 0.01, respectively). Concerning intracellular probing behavior for this latter species, a higher number of potential drops was observed on PVY-P (U = 117, P < 0.05) but their mean duration was reduced (U = 84, P < 0.01), as well as that of subphases II-1 and II-3 (U = 63, P < 0.01 and U = 108, P < 0.05, respectively).
A. fabae exhibited a reduced total duration of phloem phases on PVY-P (U = 129, P < 0.05) and spent more time ingesting xylem (U = 115, P < 0.05). None of the parameters of the intracellular probing behavior significantly differed between H-P and PVY-P.
Finally, in B. brassicae, the total duration of pathway phases and the mean duration of potential drops subphase II-1 were significantly shorter on PVY-P (U = 106, P < 0.05 and U = 67.5, P < 0.01, respectively).
Discussion
Behavioral differences between colonizing and noncolonizing aphids were observed at different steps of the host plant coloniza- a TD = total duration, NO = number of, pathway = pathway phases, phloem = phloem phases, pd = potential drops, and DS = duration of indicated subphase. b General probing behavior. Occurrence and TD (in minutes) of general probing parameters were calculated for the whole 8-h recording. c First probe, stylet = stylet derailment, xylem = xylem ingestion. d Intracellular probing behavior. Occurrence and mean duration (in seconds) of intracellular probing parameters were calculated for the first hour after the first probe; n = number of replicates (aphids), U (p) = Mann-Whitney U test value with its probability within brackets. Bold U (p) indicate significant difference at P < 0.05. tion process, from the host-finding step to the evaluation and acceptance of the host. Infection of potato plants by PVY NTN did not induce any change in the host location or landing for both the colonizing and noncolonizing aphid species tested. However, in terms of feeding behavior, tested aphids exhibited species-specific responses to infection by PVY-P.
None of the tested aphid species exhibited a preference for either H-Ps or PVY-Ps, not only throughout the experiment but also in their final choice. Attraction of aphids toward plants infected by a persistent or a nonpersistent virus was reported to be partly associated to the yellowing or mottling of leaves (12, 20) . As reported by Petrovič et al. (38) , no macroscopic symptoms can be observed on PVY-infected in vitro plants. Infection by persistent viruses can induce a higher production of headspace volatiles, leading to higher attractivity toward aphids (11, 24, 35) . However, Eigenbrode et al. (11) reported that PVY infection of potato plants did not induce a modification of the total amount of VOCs. Therefore, the equal distribution of aphids on both plants observed in this study could be partly explained by the lack of chemical and visual cues characterizing PVY-P.
Interestingly, B. brassicae, although performing interplant movements, was never recorded on plants at the end of the experiment (after 24 h). Once landing occurs, brief probes are realized to evaluate host plant suitability through gustatory cues either on host plants (34, 42) or nonhost plants (53) . Several brief evaluation probes without reaching or ingesting phloem sap were observed in B. brassicae, suggesting that Solanum tuberosum was recognized as a nonhost. In contrast, M. persicae, once having reached a plant, remained on it and started feeding. The differential ability to realize interplant movements can be linked to the feeding specialization of the different species. Thus, the polyphagous aphid M. persicae realized all the steps of the host plant colonization process, from orientation to settlement, on the first plant that they reached. By contrast, because potato is not a host plant for the other aphid species (2), they only realized the first steps of the plant colonization process, from orientation to gustatory assessment, before rejecting the plant and flying to another one.
As reported by Castle et al. (8) and Hodge and Powell (20) , divergent effects have been observed on aphid responses according to the type of virus-vector relationship, ranging from positive to neutral to negative. Despite no sign of preference in the early steps of host plant colonization, the EPG study clearly showed that aphid responses toward PYV-P were species dependent.
The increased phloem phase in M. persicae and S. avenae may have resulted from a phagostimulant effect of PVY-P. Plants infected by phytoviruses have been reported to show an increase in the amount of carbohydrates and amino acids in their leaves (7, 31) and in their general nutritional quality. By contrast, the decreased phloem phase observed in A. fabae may be regarded as a fasting period resulting from an antifeedant effect within phloem vessels benefitting the total duration of xylem sap ingestion. The alteration of phloem sap feeding in A. fabae, as well as the shorter duration of pathways phase in B. brassicae, may be consequent to the induction of chemical (e.g., antifeedant) compounds in vascular and mesophyll tissues of PVY-P. Indeed, potato plants respond to PVY through various defense mechanisms, among which phytohormones (28, 38) are well known to interfere with aphid feeding (5, 48) .
From an epidemiological point of view, EPG parameters such as the time before stylet insertion and those related to brief intracellular punctures were shown to be involved in the transmission of nonpersistent viruses such as PVY (31, 43) . Interestingly, PVY-P did not induce a delay in probing whatever the aphid species considered. All aphid species realized potential drops; therefore, they are potentially able to transmit nonpersistent viruses. PVY infection increased the mean duration of the virus acquisition phase (II-3 subphase) in M. persicae whereas it decreased it in S. avenae. Mean durations of the virus inoculation phase (II-1 subphase) in S. avenae and B. brassicae were reduced on PVY-P. To our knowledge, variations in the duration of these subphases, which are necessary for efficient nonpersistent virus acquisition and inoculation, were never reported to modulate aphid transmission ability.
Evaluation of vector activity, which combines the monitoring of probing activity and movements, allows for an estimation of the behavioral component involved in the spread of phytoviruses (22) . Further, vector efficiency is defined as the probability to obtain infected plants with a given virus using a given vector under a given set of conditions (50) . Our results suggest that the vector activity of M. persicae does not promote PVY spread because it settled on the first plant on which it landed. By contrast, the noncolonizing A. fabae, S. avenae, and B. brassicae exhibited interplant movements associated with plant probing, thereby potentially improving PVY spread. Regarding vector efficiency, several authors determined different rates of PVY transmission for different aphid species (9, 14, 18, 25, 37, 55, 56) , among which M. persicae is considered to be the most efficient vector of PVY. Considering our evaluation of the vector activity of M. persicae and its vector efficiency reported in literature, this species appears to be a sedentary one with a high PVY-transmission rate. Nonetheless, M. persicae produces more abundant progeny on PVY-infected plants (7, 49) which will, in turn, spread the virus and contribute to the powerful transmission efficiency of this species. Noncolonizing aphids are very mobile species though they present lower PVY-transmission rates. Nevertheless, the high densities of such aphids trapped in potato fields could compensate for their weak transmission efficiency.
This study reports, for the first time, that the same virus could induce a broad range of behavioral modifications depending on the aphid species. Such results could improve our knowledge of PVY epidemics in potato fields: aphids land randomly on plants whatever their status (H-P or PVY-P) and PVY spread mostly relies on the feeding preference exhibited after landing. However, in our experimental conditions, our PVY-P did not exhibit visual symptoms of infection and, although aphids rely mainly on chemical cues for host plant recognition and acceptance, long-range host location may be affected if PVY-P are visually discriminated by aphids. Further experiments are needed to test the hypothesis of visual discrimination by using potato tuber plants or other in vitro plantlets exhibiting visual symptoms when they are infected. According to Sisterson's model (47), the feeding preference for healthy plants increased the rate of pathogen spread as observed in A. fabae. Meanwhile, the feeding preference for infected plants decreased the rate of spread as observed in M. persicae. These results suggest that the involvement of colonizing potato aphids in the spread of PVY, which is usually reported in the literature, cannot be explained only by efficient vector activity. With the aim to give valuable information on PVY epidemics in potato crops, vector efficiency of the PVY NTN isolate has to be assessed in these different aphid species. Such information would be of great interest to understand the propagation strategies of nonpersistently transmitted viruses.
